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DObjective: The optimal surgical treatment of ischemic mitral regurgitation (MR) has not been well defined.
Second-order chordal cutting (CC), in selected patients, can improve surgical outcomes.
Methods: From 2007 to 2011, 31 patients underwent CC for ischemic MR. The indication was the presence
of increased tethering of the anterior leaflet, with a bending angle (BA)<145. Patients with same echo-
cardiographic characteristics were identified and propensity matched for age, ejection fraction (EF), MR grade,
diameters, and BA. Only patients with preoperative and follow-up echocardiograms were included and divided
into 2 groups of 26 patients each, CC and no-CC.
Results: Preoperatively, in the CC and no-CC groups, the age was 61 9 and 62 10 years, EF was 31% 5%
and 29%  8%, MR grade (0-4) was 3.6  0.6 and 3.3  0.8, and diastolic and systolic dimension was 56  7
and 43 8 mm and 57 11 and 44 11 mm, respectively. The New York Heart Association class and BAwas
2.7  0.6 and 2.6  0.7 and 137  4 and 137  6, respectively. All patients underwent overreductive
annuloplasty. In the CC group, second-order chords were cut using aortotomy. After a mean of 33 15 months,
the MR grade was 0.6 0.6 and 1.1 0.8 (P¼ .014) and the EF was 40% 5% and 35% 7% (P¼ .005) in
the CC and no-CC groups, respectively. The corresponding diastolic and systolic diameters were 52  5 and
38  8 mm and 53  11 and 41  12 mm (P ¼ NS). The modifications were significant only in the CC group
(P ¼ .022 and P ¼ .029 for the diastolic and systolic dimensions, respectively). The corresponding New York
Heart Association class decreased to 1.1  0.3 and 1.5  0.6 (P ¼ .004). The BA increased to 182  4 in the
CC (P<.001) and remained unchanged (137  6) in the no-CC group.
Conclusions: In selected patients with a BA<145 and coaptation depth 10 mm, CC is related to less MR
return or persistence, improved EF, and lower New York Heart Association class. (J Thorac Cardiovasc Surg
2014;148:41-6)Surgical treatment of chronic ischemic mitral regurgitation
(CIMR) has focused on restrictive mitral valve (MV)
annuloplasty (RMVA). However, even in the most recent
surgical series, variable mitral regurgitation (MR) return
or persistence is seen within a few years after surgery.
Different investigators have proposed adjunctive techniques
to improve the effectiveness of RMVA,1 such as augmenta-
tion of the anterior or posterior leaflet, repositioning of the
posteromedial papillary muscle (PM), and so forth.
Messas and colleagues2 proposed cutting the second-
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The Journal of Thoracic and Cincreased tethering on this leaflet, which causes the first
part of the leaflet to severely reduce its mobility, leaving
only the distal portion mobile. However, although the
concept was introduced in 2001, to date, no agreement
has been reached on the efficacy of this technique.
Even if the underlying rationale is strong, we speculated
that second-order chord cutting (CC) should not be applied
indiscriminately to every patient, but, as always in surgery,
the correct indication must be found. We, thus, decided to
cut the second-order chords when the AL bending angle
(BA) was <145 and the coaptation depth (CD) was
10 mm. The purpose of CC is to increase the AL mobility
and, consequently, its coaptation with the posterior leaflet
(PL). Persistence of a low BA after surgery reduces the
effective AL length, compromising its possibility to reach
the PL, which, after RMVA, is immobile and in a vertical
position. This could be at the basis of MR return or
persistence and increases the AL stress.3
In the present propensity-matched study, we evaluated, in
patients with a similar preoperative BA, the effect of CC
versus non CC on MR return or persistence after RMVA,
to evaluate the possible benefit of adding CC in selected
patients.ardiovascular Surgery c Volume 148, Number 1 41
Abbreviations and Acronyms
AL ¼ anterior leaflet
BA ¼ bending angle
CD ¼ coaptation depth
CIMR ¼ chronic ischemic mitral regurgitation
EF ¼ ejection fraction
IMR ¼ ischemic mitral regurgitation
LV ¼ left ventricular
MR ¼ mitral regurgitation
MV ¼ mitral valve
PL ¼ posterior leaflet
PM ¼ papillary muscle
RMVA ¼ restrictive mitral valve annuloplasty
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DMETHODS
Definitions
CIMR was defined as any MR due to an excess of tethering of either or
both leaflets as a result of misalignment of either or both PMs. All the
patients in the present series had experienced previous myocardial
infarction with regional wall abnormalities.
The AL was considered tethered by the second-order chords when the
BA, between its proximal portion (free of chordal attachment) and its distal
portion (from the second-order chord attachment to the edge), was<145
(Figure 1). A BA of 145 was confirmed as effective after Gelsomino and
colleagues4 had demonstrated that, in systole, an anterior tethering angle
a 39.5 predicts MR recurrence or persistence after RMVA. The sum
of the BA and angle a of about 180 gives a BA threshold of around
140, similar to the value we chose.Patients
From 2007 to 2011, 31 patients underwent CC as an adjunct to RMVA.
To evaluate the results of CC, all echocardiograms performed before
surgery in patients with CIMR were reviewed, and patients with a
BA<145 who did not undergo CC were propensity matched. All patients
who had undergone CC had 1 follow-up echocardiogram. Of the
46 patients who met the inclusion criteria, but did not undergo CC,
only those who had 1 postoperative echocardiographic evaluation at
follow-up (n ¼ 36) were included in the propensity matching. The
institutional review board approved the research and waived patient
consent. Some of the relevant preoperative clinical and echocardiographic
characteristics are listed in Table 1.Echocardiographic Evaluation
For the purposes of the present research, the MV was assessed in
midsystole in the parasternal long-axis view. The mitral annulus plane
was considered to start at the end of the fibrous mitroaortic continuity, at
the level of the AL hinge point. The distance between the point at which
the MV leaflets coapt and the mitral annulus plane (CD) was measured
at the end of systole. The ejection fraction (EF) was measured using the
biapical Simpson disk method. MR was graded according to the European
Society of Echocardiography recommendations.5 MR was defined mainly
according to vena contracta: mild (1þ) if<3 mm, moderate (2þ) if 3 to
<5 mm, moderate to severe (3þ) if 5 to <7 mm, and severe (4þ)
if 7 mm. MR recurrence was defined as postoperative MR 2þ. All
echocardiographic measurements followed the American Society of
Echocardiography and European Society of Echocardiography guidelines.6
In the presence of second-order chord tethering, the movement of the
AL is changed, because the proximal portion of the leaflet (from the42 The Journal of Thoracic and Cardiovascular Surgeannulus to the insertion of the second-order chords) barely moves and
the distal portion (from the insertion of the second-order chords to the
free insertion of the first-order chords) moves normally (Figure 1). The
AL proximal and distal lengths from the angulation point were also
measured.
The AL tethering angle, a, the PL tethering angle, b, and the BAwere
directly measured using specific software (Philips DICOMViewer; Philips
Healthcare, Andover, Mass). The angles a and b were measured in
systole and diastole, to evaluate the AL and PL excursion, respectively.
The a/b ratio was used to evaluate whether the tethering was symmetric
or asymmetric. A value close to or>1 suggested a symmetric tethering.
Surgical Indications
All patients with CIMR grade 2þ were candidates for MV surgery.
A CD of 10 mm was the limit for MV repair. If the CD was 11, the
anatomy was not considered suitable for repair, and a prosthesis was
inserted into the MV.7 When the MV was suitable for repair, we analyzed
the presence of AL excess tethering by calculating the BA. If the BAwas
<145, the second-order chords were cut (CC group). Patients with similar
characteristics, in whom CC was not performed, were included in the
no-CC group.
Surgical Technique
After a median sternotomy, the ascending aorta and both venae cavae
were cannulated. The MV was approached transeptally or by way of a
left atriotomy. The MVannulus was reshaped using a physioring (Edwards
LifeSciences, Irvine, Calif) or a 40-mm band (SMB40, Sorin Biomedica
SpA, Saluggia, Italy). In patients in the CC group, the second-order chords
were cut using an aortotomy.8 All second-order chords were cut,
independently of the PM from which they were originating.
Clinical and Echocardiographic Follow-up
All patients were clinically followed up in our outpatient clinic 3, 6,
and 12 months after surgery and annually thereafter. Every patient had
1 echocardiographic evaluation at discharge. The interval from surgery
to the last follow-up visit was 33  15 months and was similar in both
groups (35  13 months for the CC and 31  16 months for the no-CC
group).
Endpoints
The primary endpoint of the present study was the echocardiographic
results for the 2 groups as the basis of our research, with particular attention
to the evaluation of left ventricular (LV) function after CC andMR return or
persistence. The secondary endpoint was the functional results for the CC
group compared with the no-CC group.
Statistical Analysis
The results are presented as themean standard deviation. The categor-
ical variables are reported as counts and percentages. Echocardiographic
modifications with time were evaluated using analysis of variance for
repeated measures (with post hoc analysis). A nonparsimonious regression
model was built, using as a target-dependent variable ‘‘CC in adjunct to
RMVA.’’ The final model was validated in 1000 bootstrap samples, and a
receiver operating characteristic curve was performed to test the predictive
power of the model (area under the curve, 0.87). The final model included
the following variables: age, EF, CIMR grade, ventricular diameters,
and BA. Next, the patients who had undergone CC were randomly
matched with those who had not undergone CC to the nearest propensity
score. Finally, 2 groups were identified, with 26 patients in each (CC and
no-CC).
The Statistical Package for Social Sciences software (SPSS Inc,
IBM Co, Armonk, NY) was used.ry c July 2014
FIGURE 1. Parasternal long-axis view. Mitral valve in (A) systole and (B) diastole. C, Sketch of mitral valve in systole and diastole. A and A1, Mitral
annulus; mac, mitroaortic continuity; Ao, aorta; a, anterior leaflet tethering angle; a ex, anterior leaflet excursion angle; BA, banding angle; CL, coaptation
length; CD, coaptation depth; b ex, posterior leaflet excursion angle; b, posterior leaflet tethering angle.
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DRESULTS
The clinical and echocardiographic preoperative values
of our population are listed in Table 1. The regurgitant jet
was central, because both leaflets were tethered.
The perioperative data for both groups are listed in
Table 2. All patients in the no-CC group had a physioring
placed for annular reshaping (median size, 26). In the
patients in the CC group, a 40-mm band (SMB40, SorinTABLE 1. Preoperative clinical and echocardiographic data
Variable
CC group
(n ¼ 26)
No-CC
group (n ¼ 26) P value
Age (y) 61  9 62  10 .706
Female gender (n) 9 8 1.000
NYHA class 2.7  0.6 2.6  0.7 .583
EuroSCORE 8.1  3.9 7.5  4.6 .614
Diabetes mellitus (n) 15 18 .565
Previous AMI (n) 1.000
Anterior 20 19
Inferior 6 7
EF (%) 31  5 29  8 .285
LVEDD (mm) 56  7 57  11 .697
LVESD (mm) 43  8 44  11 .709
Coaptation depth (mm) 9.1  0.6 8.9  0.7 .274
Coaptation length (mm) 3.2  0.7 3.5  1.1 .246
MR grade (1-4) 3.6  0.6 3.3  0.8 .132
PAPs (mm Hg) 47  10 52  13 .126
Mitral leaflet tethering ()
a 50  6 49  7 .274
b 44  5 45  8 .591
BA 137  4 137  6 1.000
a/b 1.13  0.3 1.09  0.3 .633
a Excursion 13  9 14  8 .612
b Excursion 26  12 27  9 .735
Proximal AL (mm) 14  2 14  2 1.000
Distal AL (mm) 13  2 14  3 .163
Data presented as mean  standard deviation or n. CC, Chordal cutting; No-CC, no
chordal cutting; NYHA, New York Heart Association; AMI, acute myocardial
infarction; EF, ejection fraction; LVEDD, left ventricular end-diastolic diameter;
LVESD, left ventricular end-systolic diameter; MR, mitral regurgitation;
PAPs, pulmonary artery pressure, systolic; a, anterior leaflet angle in systole;
b, posterior leaflet angle in systole; BA, bending angle; AL, anterior leaflet.
The Journal of Thoracic and CBiomedica) was used, inserted from trigone to trigone. No
early mortality occurred among the patients in the CC
group. Two patients died 2 and 3 years after surgery of
noncardiovascular causes (lung and liver cancer).Echocardiographic Evaluation
The echocardiographic data in the propensity-matched
patients are reported in Table 3. The MR grade decreased
in both groups; however, in the CC group, the residual
MR was significantly lower than that in the no-CC group
(0.6  0.6 vs 1.1  0.8, P ¼ .014). The BA had widened
to 182 in the patients in the CC group but had remained
unchanged in the patients in the no-CC group. The AL
tethering angle a became smaller in the CC group and its
excursion became wider; however, it remained unchanged
in the no-CC group. The coaptation length at follow-up
had increased significantly in the CC group (from 3.2 to
6.2 mm) but not in the no-CC group, in which it remained
similar to the preoperative value (3.5 and 3.7 mm,
respectively).
The preoperative and postoperative diastolic and systolic
dimensions and EF were similar in both groups. However,
although a reduction in the dimensions occurred in
both groups, only in the CC group were the variations
statistically significant (P ¼ .022 for diastolic and
P ¼ .029 for systolic). This finding is at the basis of the
greater postoperative EF in the CC group. Although the
EF increased in both groups (from 31% to 40% in the
CC group, P< .0001; and from 29% to 35% in the no-
CC group, P ¼ .006), the final EF (40%  5% vs 35%TABLE 2. Surgical details
Variable CC (n ¼ 26) No-CC (n ¼ 26) P value
SMB40 (n) 26 — NA
Physioring (n) — 26 NA
CABG (n) 26 26 1.000
TV surgery (n) 10 2 .021
CC,Chordal cutting;No-CC, no chordal cutting;NA, not applicable; CABG, coronary
artery bypass grafting; TV, tricuspid valve.
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TABLE 3. Echocardiographic follow-up data
Variable
CC (n ¼ 26) No-CC (n ¼ 2)
P1 valuePre-RMVA Post-RMVA P value Pre-RMVA Post-RMVA P value
EF (%) 31  5 40  5 <.001 29  8 35  7 .006 .005
LVEDD (mm) 56  7 52  5 .022 57  11 53  11 .196 .675
LVESD (mm) 43  8 38  8 .029 44  11 41  12 .352 .294
CD (mm) 9.1  0.6 6.8  0.7 <.001 8.9  0.7 7.9  0.8 <.001 <.001
CL (mm) 3.2  0.7 6.2  1.0 <.001 3.5  1.1 3.7  1.3 .599 <.001
MR grade (1-4) 3.6  0.6 0.6  0.6 <.001 3.3  0.8 1.1  0.8 <.001 .014
PAPs (mm Hg) 47  10 36  11 <.001 52  13 43  14 .020 <.001
a () 50  6 30  8 <.001 49  7 46  8 .156 <.001
BA () 137  4 182  4 <.001 137  6 136  6 .551 <.001
a Excursion () 13  9 37  16 <.001 14  8 18  10 .118 <.001
Data presented as mean  standard deviation. CC, Chordal cutting; No-CC, no chordal cutting; RMVA, restrictive mitral valve annuloplasty; P1 value, CC post versus no-CC
post; EF, ejection fraction; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; CD, coaptation depth; CL, coaptation length;
MR, mitral regurgitation; PAPs, pulmonary artery pressure, systolic; a, anterior leaflet angle in systole; BA, bending angle.
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D 7%, P¼ .005) and the percentage of variation (þ35%
22% vs þ21%  26%, P ¼ .041) was greater in the CC
group.
All 5 patients who had undergone CC and were not
included in the present study had had a follow-up echocar-
diographic evaluation. The results were similar to those of
the patients who were included in the present study.
Functional Results
In both groups, significant improvement was seen in
the functional New York Heart Association class (from
2.8  0.7 to 1.1  0.3 in the CC group and 2.6  0.7 to
1.5  0.6 in the no-CC group, P<.0001 in both groups),
However, the final New York Heart Association class was
lower in the CC group than in the no-CC group (P ¼ .004).
DISCUSSION
The etiopathogenesis of CIMR is complex and does not
respond to a constant pattern of leaflet tethering. Displace-
ment of the PMs can be lateral, apical, or posterior, and,
according to the prevalence of a specific direction, tethering
of the MV leaflets can vary accordingly. We found, in a
previous study of ours, that a CD of 11 mm was a mirror
of the excess of PM displacement and, in such cases, that
RMVA could be related to a greater incidence of MR
return.7 This result has been confirmed by other
studies.4,9,10 Nevertheless, even in patients with a CD of
10 mm, different tethering patterns have been present.
Tethering of the AL can be more pronounced, such as in
the case of more apical displacement of 1 or both PMs. In
these cases, the BA will become narrower, the AL
tethering angle a will become wider, and the a/b ratio
will approach or will be>1, because both leaflets will be
more apically tethered.11 MR is represented by a central
jet, and this pattern is associated with the AL shape, its
BA, and the distance between the insertion of the second-
order chords and the edge of the leaflet. When the latter is44 The Journal of Thoracic and Cardiovascular Surgeshorter than 17 mm and the BA is smaller than 140,
Song and colleagues12 found that the regurgitant jet was
central, owing to a more complex PM displacement. In
our patients, the mean BA was<140 and the mean distal
AL length was 13 and 14 mm in the CC and no-CC groups,
respectively (Table 1).
All these changes have been recognized as risk factors for
MR return after RMVA.4,9,10 In these cases, when the
BA reaches a value of <145, owing to an excess of
second-order chord tethering, releasing the traction of the
AL by CC can be beneficial in reducing the possibility of
MR return or persistence.
The purpose of second-order CC is to increase the AL
mobility, releasing the BA, and facilitating coaptation
with the PL, which, when any annuloplasty technique is
used, will be stuck in the vertical position and will not
longer participate in the MV closure process. For this
specific reason, cutting the second-order chords of the PL
was never considered a reasonable strategy.
However, even if the benefit of CC is evident, the effect of
CC on LV function has been controversial.
The second-order chords can be defined as all the chords
that do not insert on the free edge. Sometimes, these chords
are thickened and are termed ‘‘strut chords,’’ but, in our
surgical experience, this is not frequent. In general,
tendinous chords connect the PMs to the MV leaflets. The
PMs function as shock absorbers that compensate for the
geometric changes of the LV wall. This mechanism
maintains constant the papillary–annular distance during
the cardiac cycle. In contrast, the distance between the
PMs and the apex varies significantly.13 The reason for
this annulopapillary stability is the presence of the
second-order chords, which are in direct contact with
the trigones through the collagen fibers, in the direction of
the load. The second-order chords, which remain tense
during the entire cardiac cycle,14 carry, in systole, a tension
more than threefold greater than do the primary chords,15ry c July 2014
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Didentifying them as the principal force transmission during
LV ejection. The presence of second-order chords is also
important to maintain the curvature of the leaflets. Salgo
and colleagues3 demonstrated, in a finite study, that,
compared with a flat leaflet, 10% curvature reduced leaflet
stress by 100%. However, the presence of the second-order
chords consistently reduced (3 times) the peak leaflet stress.
Because second-order chords have an important role in
maintaining LV geometry and stability of the MV stress
distribution, the benefit of CC remains questionable
because of the controversial results in the experimental
setting.
Messas and colleagues,2 who first proposed CC, demons-
trated, in an in vitro (mimicking PM displacement) and
in vivo (causing acute myocardial infarction [AMI], ligating
the first obtuse marginal branch) animal model, that, after
CC, coaptation was improved and ischemic MR (IMR)
was reduced. In a previous experimental model, however,
Obadia and colleagues16 found a decrease in aortic flow
and a reduced shortening fraction after CC, although the
MV remained competent. Rodriguez and colleagues17
reported that CC was not able to reduce IMR but caused
LV function impairment. Messas and colleagues,18 in a
chronic animal model in which IMR was caused by ligating
1 obtuse marginal branches, showed that MRwas relieved
without any change in the EF when CC was performed
4 months after AMI. In another group of sheep, CC was
performed at the same time that AMI was induced. These
sheep, after 7 months, did not develop either IMR or MV
prolapse. The same investigators confirmed these results
in an additional report.19
The first clinical reports appeared in 2005 from
Yamamoto and colleagues20 and Fayad and colleagues,8
with good results and no reduction in LV function after
a follow-up of 6 months and 2 years, respectively.
Furthermore, Fayad and colleagues8 proposed that
aortotomy could be the best surgical approach for CC,
because of the optimal access to the ventricular side of
the AL. A nonrandomized study was performed by Borger
and colleagues,21 who showed that after 2 years of
follow-up, MR return was reduced in the CC group without
any impairment in LV function.
The main finding of our study was that CC, in patients
with a BA <145 and CD 10 mm, provides better
long-term results in terms of relief from MR return or
persistence, preserving or improving LV function, when
compared with the propensity-matched patients. It seems
evident that a discrepancy exists among the findings of
some experiments (mostly in normal hearts), the data
provided by other experiments (mostly in postinfarctual
hearts), and the results of clinical studies, which have
been uniformly positive.
We believe that the role of the second-order chords is
different in a heart with previous AMI and CIMR than inThe Journal of Thoracic and Ca normal heart. In a normal setting, the second-order chords,
connecting the PMs to the trigones through their insertion to
the MV leaflets, absorb the tension generated by the PMs
themselves. By their insertion into the MV leaflets, they
contribute to reduce the peak systolic stress. In CIMR, the
second-order chords, which insert on the AL, being
tethered, eliminate its curvature, increasing the systolic
peak stress by 100-fold. By cutting the second-order chords,
the AL recovers its curvature, reducing the systolic peak
stress by 100-fold. The transmission of the systolic stress
through the primary chords will be 3 times less effective,
but the net results will be positive.3
This rationale might be at the basis of the good results
shown by our study, which included only patients with a
BA <145, with excess tethering of the second-order
chords. We believe that this subgroup of patients can benefit
more from CC, as demonstrated by the improved EF,
reduced residual MR, and better clinical outcome.
However, the present study had many limitations. First, it
was not a randomized study, and, even if propensitymatching
reduces the biases related to patient selection, it was not
possible to avoid them completely. Two different devices
were used, one for each group, a short band, 40 mm long,
in the CC group and a small-size physioring (mean size, no.
26) in the no-CC group. Although the physioring is well
known, more information is needed for the SMB40. It is a
flexible band, with a radiopaque silicone core covered with
knitted polyester fabric coated with Carbofilm (Sorin). The
band is inserted from trigone to trigone, using many
embrocated U sutures, to reduce the stress on the annulus.
The septolateral distance obtained will be a mean of 21
mm.22 Although we have shown that midterm results were
satisfying for both functional22 and organic MR,23,24 we are
aware that a band can be considered a suboptimal choice in
CIMR treatment. However, in the no-CC group, the device
that could guarantee the best results was used. In contrast,
the most controversial device, the short band, was used in
the CC group, reinforcing the validity of our results.
In conclusion, in this propensity-matched study, when a
BA<145 was present and the CD was 10 mm, CC was
shown to improve the clinical and echocardiographic out-
comes compared with similar patients in whom CC was
not performed. An increase in AL tethering, and
the consequent reduction in the BA, are recognized
mechanisms of MR return after RMVA.25 When both
unfavorable conditions are present preoperatively, it seems
reasonable to eliminate the potential danger by cutting the
second-order chords. Thus, CC can be considered one of
the tools we have to increase, in selected patients, the
quality of the results of CIMR treatment.References
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